Introduction
Studies of gold-bearing hydrothermal systems typically use proxies such as fluid inclusions in, or isotopic analyses of, gangue minerals to determine the origin of the fluids in order to infer the source of gold or other metals (Ulrich et al., 1999, Harris and Golding, 2002) . Refractory gold is occluded by other minerals, and where not able to be identified by optical microscopy or scanning electron microscopy is termed "invisible" gold (Cook and Chryssoulis, 1990) . In contrast to studies utilizing analyses of gangue minerals spatially associated with ore minerals, analyses of the host minerals that contain invisible gold provide information on the chemical characteristics of the parent hydrothermal fluid responsible for gold precipitation. However, host minerals for invisible gold are commonly very fine grained (<1−5 μm), and previous attempts to relate refractory gold to other chemical proxies in goldbearing minerals have been hampered by analytical techniques that lack sufficient spatial resolution and/or analytical sensitivity (Arehart et al., 1993; Kesler et al., 2003a) . Here we use submicron-scale secondary ionizing mass spectrometry (nanoSIMS) to determine the distribution of Au, Cu, As, Te, S, and S isotopes ( 34 S/ 32 S) in gold-bearing pyrite from Turquoise Ridge and West Banshee, two Carlin-type gold deposits in Nevada. Clear patterns of chemical zoning in the pyrite grains provide insights into the genesis of these enigmatic gold deposits. free gold and were the focus of initial exploration and development (Bettles, 2002) . Subsequent exploration and mining delineated bodies of refractory gold that is submicroscopic in fine-grained Fe sulfide minerals, primarily pyrite (Wells and Mullens, 1973; Arehart et al., 1993; Simon et al., 1999) . Orestage pyrite is believed to form via sulfidation of preexisting Fe silicate and Fe carbonate minerals, and bisulfide-complexed metals including gold were adsorbed on and incorporated in the precipitating pyrite (Hofstra et al., 1991; Kesler et al., 2003a) . Debate continues over the sources of fluid (meteoric, magmatic, or metamorphic) and metal (upper crust black shales, magmatic, or mantle) in the Carlin systems, and whether mineralization occurred in single or multiple events (see Muntean et al., 2004; Cline et al., 2005) . Rocks in northern Nevada have been affected by several hydrothermal events, ranging in age from Devonian to Miocene (Hofstra et al., 1999; Emsbo et al., 2003; Cline et al., 2005) , making recognition of the key characteristics of the main Carlin goldforming hydrothermal event difficult to distinguish. Thus, the distribution of gold in ore-stage pyrite and spatial relationships of gold with other elements provide an opportunity to examine the compositional evolution of the Carlin-type orestage hydrothermal fluid.
Several studies have used various analytical techniques to study pyrite in Carlin-type deposits, including electron probe microanalysis (EPMA; Wells and Mullens, 1973; Cline and Hofstra, 2000; Hofstra and Cline, 2000; Cline, 2001; Cline et al., 2003a; Emsbo et al., 2003; Henkelman, 2004; Reich et al., 2005) and secondary ionizing mass spectrometry (SIMS; Arehart et al., 1993; Simon et al., 1999; Cline, 2001; Kesler et al., 2003a; Palenik et al., 2004; Reich et al., 2005) to quantify gold and a suite of associated elements including As, Sb, Hg, Tl, Cu, and Te that occur in refractory pyrite. Trace element-rich pyrite occurs typically as thin rims (<10 μm) on pyrite formed prior to Carlin mineralization or as tiny discrete spherical grains (<5 μm). Within trace element-rich pyrite, transmission electron microscopy (TEM) and high resolution TEM (HRTEM) have shown that gold is both structurally bound (Au I ) and also occurs as free gold (Au 0 ) nanoparticles (Bakken et al., 1989; Simon et al., 1999; Palenik et al., 2004; Reich et al., 2005) .
Pyrite grains from three representative samples of highgrade Carlin-type ore were analyzed in this study. The first is a sample of lamprophyre dike (49 ppm Au; sample H07-13b-476; Figs. 1, 2) from the West Banshee deposit located in the northern Carlin Trend, 2.5 km northwest of the giant BetzePost deposit (~40 million ounces (Moz) Au; Bettles, 2002) . Mineralization is focused in a lamprophyre dike and surrounding breccia body. The sample contains (1) abundant trace element-poor pyrite, (2) As-and Au-enriched pyrite that occurs as both tiny spheroidal grains and rims on the earlier trace element poor pyrite grains, and (3) arsenopyrite, all set in a groundmass of quartz and illite. This particular dike has not been dated directly, but all similar lamprophyre dikes that have been dated on the northern Carlin Trend have an age of ~158 Ma (Emsbo et al., 1996; Ressel and Henry, 2006) . The other two samples are from the Turquoise Ridge deposit, which is located near the Getchell deposit on the Getchell Trend (>6.6 Moz Au, Chevillon et al., 2000) . Sample 936 881 consists of decalcified and silicified tuffaceous mudstone and limestone from the High Grade Bullion ore zone (161 ppm Au; Fig. 3 ). Sample 664 211 consists of highly deformed and decalcified tuffaceous mudstone and limestone and clasts of preore quartz from the 148 ore zone (64 ppm Au; Fig. 4 ). Both samples contain preore pyrite cores rimmed by trace element-rich pyrite and tiny spherical trace element-rich pyrites that generally do not exhibit preore cores.
Methods
Pyrite grains in the samples chosen for analysis were characterized using optical and backscattered electron (BSE) scanning microscopy, and EPMA. NanoSIMS analysis was carried out on selected pyrite grains, with maps characterizing both complete grains and sections of grains from core to rim.
Electron probe microanalysis (EPMA) was carried out in the Geoscience Department, University of Nevada-Las Vegas, using a JEOL JXA-model 8900 instrument. A 2-μm electron beam at 20-kV accelerating voltage and 10-nA current was used for determination of Fe, S, and As, and 100-nA current for determination of other trace element concentrations. While EPMA has quantified ore pyrite chemistry and delineated distinct chemical zones across some ore-stage rims in these deposits (Cline et al., 2003b; Longo et al., 2008 Longo et al., , 2009 ) the 2-μm electron beam and larger excitation volume partially homogenizes the sub micrometer-scale chemical zoning of the rims revealed by nanoSIMS analysis.
Elemental and isotopic mapping were performed using the Cameca NanoSIMS 50 at the University of Western Australia. Samples were polished and coated with Pt or C for conductivity at high voltage. For element mapping a focused 1-to 2-pA Cs + primary ion beam was rastered across the sample surface recording images from the secondary ions (depending on the analytical routine) 32 S, 63 Cu, 75 As, 197 Au ± 121 Sb ± 126 Te, simultaneously. In some samples, analyses recorded images from secondary ions 63 Cu 32 S and 75 As 32 S to provide improved count rates. Areas ranging from 60 × 60 to 15 × 15 μm were imaged at a pixel resolution of 256 × 256, with a primary beam diameter of approximately 100 nm. Peaks were calibrated using chalcopyrite (Cu), arsenopyrite (As), PbTe, and metallic Au. Images of 195 Pt were also obtained to ensure that there was no contribution to 197 Au from 196 Pt 1 H in the Pt coat. The isotope 126 Te was chosen to eliminate potential interferences from Sn, Sb, and I.
Isotope measurements were obtained by producing secondary ion images of 32 S − and 34 S − simultaneously. Stacks of 14 or 20 individual images were recorded sequentially over 8 or 12 h, respectively. These stacks were aligned, summed, and corrected for detector deadtime and quasisimultaneous arrival effects (Slodzian et al., 2004) . Sulfur isotope maps show relative ratios across pyrite grains, but are semiquantitative in nature, as sulfur isotope standards that would allow sulfur isotope ratios to be compared to results from previous studies were not analyzed.
Results
The submicron resolution of nanoSIMS images reveals that the pyrites have systematic zoning of Au, Cu, As, Sb, Te, and S (Figs. 1A-B, 2, 3, Table 1 ). Sulfur isotope ratio ( 34 S/ 32 S) maps (Figs. 1C, 4) allow direct comparison of changes in trace element concentrations with relative changes in sulfur isotope ratios for pyrite containing invisible gold. Here, we use growth stages to define chemical and morphological zones within pyrite grains. We note that distinct growth stages are defined independently for each deposit and do not imply any temporal relationship.
West Banshee
Large pyrite grains (>5 μm) analyzed from the West Banshee deposit preserve evidence of four growth stages (Fig.  1 ). Stage 1 in the core of the grains is characterized by gold values below detectable limits (<90 ppm, see Table 1 , Fig  1A) , low As concentrations (<0.1% wt, Fig. 1B ), higher 34 S/ 32 S relative to the rest of the grain (Fig. 1C) , and planar growth boundaries (Fig. 1) . Stage 2 has elevated As (~ 4% wt), below detection Au concentrations, lower 34 S/ 32 S relative to stage 1 and irregular growth boundaries (Fig. 1, Table 1 ). Growth stage 3 is characterized by elevated Au concentrations between 220 and 890 ppm (Table 1) and represents the ore stage of pyrite growth in the West Banshee samples. Stage 3 has two thin (~0.5 μm) Au-rich zones (stages 3a and 3c) separated by a slightly wider zone (0.5−1.0 μm) of lower Au (stage 3b; Fig. 1A ). The gold-rich rims 3a and 3c have different morphologies; 3a directly mimics the irregular shape of the stage 2 boundary, whereas 3c has a more irregular, higher relief growth boundary (Fig. 1A) . NanoSIMS maps and EPMA indicate that growth stage 3 in all pyrite grains has elevated concentrations of Au, Cu ( Fig. 2 Relative intensity FIG. 1. NanoSIMS maps of ore-stage pyrite from the West Banshee deposit: (A) distribution of gold (lighter grays are higher Au concentrations), (B) arsenic (lighter grays are higher As concentrations), and (C) sulfur isotope ratios ( 34 S/ 32 S, hotter colors are higher 34 S/ 32 S ratios) in ore-stage pyrite from the West Banshee deposit. (D) Relative intensity profiles of Au (black line), As (red line), and 34 S/ 32 S (blue line) along lines in maps shown in (A) to (C). Four growth stages can be distinguished based on mineral chemistry and texture. Stage 1 is characterized by below detection Au and low As concentrations and higher 34 S/ 32 S ratios, stage 2 has higher As concentrations, below detection Au and lower 34 S/ 32 S, stages 3a to 3c have variably elevated Au and As concentrations, and the lowest 34 S/ 32 S ratios, and represent the Carlin gold event. Stage 4 has lower Au and As concentrations than stage 3, and higher 34 S/ 32 S ratios. The high relief and irregular morphology of Au-rich growth stage 3c implies growth at higher pyrite supersaturation. For further description of growth stages and associated changes in trace element compositions, please see the text.
As, and Sb. Sulfur isotope maps have a low signal/noise ratio in the West Banshee samples, making it difficult to distinguish stage 3 of pyrite growth. However, in the line profiles of 34 S/ 32 S (Fig. 1D) , growth stages 3a and 3c are coincident with subtly lower 34 S/ 32 S values (Fig. 1C) . Stage 4 of pyrite growth (Fig. 1A) has slightly elevated gold concentrations compared to stages 1 and 2 and lower concentrations of Au, Cu, Hg, As, and Sb compared to stage 3 (Table 1 ). This outermost stage has a more regular, lower relief growth boundary than stages 2 and 3. Analysis of the nanoSIMS images from the West Banshee deposit suggests that stage 3 contains between 70 and 85 percent of total gold within each of the pyrite grains, with stage 4 accounting for most of the remaining gold. Small (<5 μm), near-equant pyrite grains are ubiquitous in the West Banshee deposit. At West Banshee, these small pyrite grains contain significant gold concentrations (260−640 ppm Au) and are characterized by a gold-rich central region corresponding to stages 3a, b, and c in the larger grains (Fig. 2) .
Turquoise Ridge
NanoSIMS images (Fig. 3) and EPMA analyses (Table 1) of pyrite grains in sample 936 881 reveal three stages of pyrite growth (Fig. 3) . Stage 1 has gold concentrations below detection limits (EPMA) and low concentrations of other trace elements (see Table 1 , for representative analyses, other analyses are given in the supplementary data set). Stage 2 is a thin zone characterized by slightly elevated but outwardly increasing Cu (~450 ppm) and As concentrations (~400 ppm). stages 1 and 2, Cu concentrations are elevated across stage 3, decreasing slightly toward the margin of the grain, without distinct peaks that mimic those of Au (Fig. 3) . Tellurium has low concentrations across stage 2 but rises steady through stage 3a, reaching a peak at the boundary of stages 3a and b. It then decreases before peaking again in stage 3c, mimicking exactly the outer peaks in As and Au (Fig. 3) . Stage 3a has a regular morphology that parallels the regular outer edge of stages 1 and 2, whereas stages 3b and c have irregular, high relief growth boundaries. In contrast to sample 936 881, sample 664 211 has a single gold-rich rim, overgrowing two earlier stages of pyrite growth. Sulfur isotope maps of sample 664 211 illustrate that preore stage 1 has the highest 34 S/ 32 S ratios, preore stage 2 has lower 34 S/ 32 S than stage 1, and stage 3, which contains Au and other trace metals, has the lowest 34 S/ 32 S ratios (Fig. 4) .
Interpretation
Observations of pyrite textures and chemical zonation have several important implications for ore-forming processes in these two Carlin-type deposits: (1) gold occurs in two discrete, thin, growth stages, implying that gold-rich pyrite growth occurred in separate, short-lived episodes at both West Banshee and Turquoise Ridge; (2) changes in pyrite growth morphology accompanying elevated gold concentrations are interpreted to be the result of higher degrees of pyrite supersaturation; (3) higher gold concentrations are accompanied by lower 34 S/ 32 S ratios (which may be related to a change in fluid source and/or fluid oxidation); and (4) differences in the relative zoning of gold and other trace elements across single pyrite grains are interpreted to represent the influx and evolution of distinct ore fluids.
We interpret the cores (stage 1) of pyrite grains at both West Banshee and stages 1 and 2 at Turquoise Ridge as representing pyrite formation that occurred prior to Carlin mineralization. Previous studies of deposits from the Carlin and Getchell Trends have demonstrated that the trace elementrich pyrites are surrounded by ore-stage quartz (Cline, 2001; Lubben et al., 2003) and/or late ore-stage hydrothermal minerals (e.g., realgar; Cline, 2001 ), thus we conclude that the trace element-rich pyrite formed during the Carlin hydrothermal system. Stages 3 to 4 at West Banshee and stage 3 at Turquoise Ridge are therefore interpreted as being solely products of the hydrothermal system responsible for alteration and gold deposition. A significant difference between the two deposits is that in samples from West Banshee, goldrich stage 3 pyrite is preceded and overgrown by zones of trace element-poor pyrite (stages 2 and 4), whereas trace 6 EXPRESS LETTER 0361-0128/98/000/000-00 $6.00 element-rich pyrite (stage 3) at Turquoise Ridge was instead overgrown by late ore-stage minerals including drusy quartz, orpiment, fluorite, realgar, and calcite.
In growth stages 3a and c from the West Banshee deposit, the distribution and thickness of gold-rich zones are similar on all crystal faces. This suggests that the distribution of gold in these pyrite grains was controlled by gold availability in the fluid, rather than by crystallographic structural control (Chouinard et al., 2005) . These observations lead to the interpretation that stages 3a and 3c of trace element-rich pyrite at West Banshee reflect two episodes of gold enrichment related to two hydrothermal fluids with distinct trace metal ratios. At Turquoise Ridge stages 3a and 3c are defined by coincident peaks in Au and As concentration but have variable Te and only slight differences in Cu. This variation in trace element distribution likely reflects the chemical evolution of an Au-Cu-Te-As−bearing fluid during stage 3a and 3b of pyrite growth; possibly reflecting the variable breakdown of associated metal complexes and/or the rate of adsorption and incorporation into the growing pyrite.
Pyrite formation at low temperature likely occurs via supersaturation and precipitation of FeS, which is subsequently converted to pyrite via reaction with aqueous sulfide and sulfur to form FeS 2 (Rickard, 1975) . Irregular grain shapes of stages 2 to 4 at West Banshee and stage 3b at Turquoise Ridge suggest Fe sulfide precipitation during supersaturated conditions (Murowchick and Barnes, 1987) . The most irregular growth boundaries are characterized by the highest gold concentrations, suggesting that a single process caused Fe sulfide supersaturation and precipitation and provided the highest concentrations of gold.
Sulfur isotope compositions of sulfide minerals provide information about the source, transport, and precipitation mechanisms of sulfur (Ohmoto and Goldhaber, 1997) . The correlation of higher gold concentrations with the lowest 34 S/ 32 S values in pyrite precipitated as part of the Carlin hydrothermal system at West Banshee (Fig. 1) and Turquoise Ridge (Fig. 4) suggests that gold incorporation into pyrite was linked to the influx of a fluid with a distinct sulfur isotope composition, or that gold incorporation into pyrite was linked to an event that caused fractionation of sulfur isotopes (e.g., fluid oxidation). Further analytical work is required to evaluate these possibilities.
Implications and Conclusions
Conventional SIMS and EPMA studies of refractory pyrite are often hampered by large sampling volumes relative to the size of gold-bearing pyrite (Arehart et al., 1993; Kesler et al., 2003a) . NanoSIMS reveals the relative distribution of gold, other trace elements, and sulfur isotopes within ore-stage pyrite in refractory gold deposits and has sufficient spatial resolution to reveal zoning patterns that have important implications for the genesis of hydrothermal mineral deposits.
At both West Banshee and Turquoise Ridge, gold-rich pyrite rims have elevated concentrations of trace elements that also include As, Sb, Hg, Cu, and Te. NanoSIMS images clearly reveal a metal suite that accompanied Au in the ore fluid and precipitated in pyrite with Au. These images further demonstrate the presence of two temporally and chemically distinct ore-stage fluid pulses at West Banshee. At Turquoise Ridge the Au and As profiles also suggest the influx of two distinct pulses of ore-stage fluids. However, the inconsistent correlation of Au and As with Cu and Te suggests some additional controls on the rates at which these metals were incorporated into pyrite as it precipitated.
Previous EPMA analyses (Wells and Mullens, 1973; Hofstra and Cline, 2000; Cline, 2001; Emsbo et al., 2003; Henkelman, 2004) and analyses that are part of this study demonstrate that pyrite with elevated gold concentrations does not have elevated concentrations of Ni, Mo, or Zn compared to other pyrite growth stages (see Table 1 ); whereas, these elements do have elevated concentrations in many preore pyrite cores (Cline, 2001; Henkelman, 2004) and in diagenetic pyrite associated with SEDEX gold mineralization in the northern Carlin Trend (Large et al., 2009) , suggesting that gold-and trace element-rich pyrite in stage 3 is not related to SEDEX mineralization.
At both the West Banshee and Turquoise Ridge deposits, pyrite growth persisted between the two intervals when elevated gold and other trace metals were incorporated into pyrite. At West Banshee, latest stage 4, low gold pyrite, is also present. These observations indicate that Fe availability and the sulfidation process, both thought to be key to the formation of Carlin deposits, persisted when no or little gold was incorporated into pyrite. Based on these observations we infer that pulses of exotic gold-and trace element-rich fluid were added to a hydrothermal system, which otherwise precipitated gold-and trace element-poor pyrite. At West Banshee, the hydrothermal system continued to grow pyrite after the final pulse of gold-rich fluid, whereas at Turquoise Ridge, the final stage of gold-rich pyrite precipitation was followed by the precipitation of realgar and other late ore-stage hydrothermal minerals.
Ore-stage pyrite is thought to have precipitated as acidic ore fluids that reacted with and decalcified silty pyritic carbonate rocks, exposing reactive Fe (Hofstra et al., 1991; Hofstra and Cline, 2000; Cline et al., 2005) . Low fluid pH facilitated both decalcification and liberation of Fe and increased Au adsorption (Widler and Seward, 2002) , and gold grade and pyrite abundance may, therefore, in part be related to fluid pH. The presence of two chemically distinct ore-stage Au rims at both West Banshee and Turquoise Ridge, as illustrated by nanoSIMS images, suggests the input of two discrete packages of ore fluid at both deposits. The chemistry of the two fluids may have varied owing to chemical variations in fluid source or perhaps related to variations in conditions at the site of precipitation such as varying pH, which could have affected the amount of trace metals adsorbed on the precipitating pyrites.
Fluid and metal sources for these deposits have not been identified, but fluid metal ratios indicated by EPMA of pyrites and delineated in much greater detail by nanoSIMS analyses are very similar to metal ratios in high-sulfidation epithermal systems (Kesler et al., 2003b) . This metal suite could have been generated by immiscibility of an exsolving aqueous fluid from a deep calc-alkaline magma, which would have partitioned bisulfide-complexed metals including Au to an aqueous vapor, separating them from chloride-complexed Fe and base metals that would partition to the liquid (Heinrich, 2005) . Thus the metal suites identified by EPMA and nanoSIMS in Carlin deposits are consistent with suites produced by magmatic processes in porphyry and high-sulfidation epithermal deposits.
